Protein framework alterations in heritable Cu, Zn superoxide dismutase (SOD) mutants cause misassembly and aggregation in cells affected by the motor neuron disease ALS. However, the mechanistic relationship between superoxide dismutase 1 (SOD1) mutations and human disease is controversial, with many hypotheses postulated for the propensity of specific SOD mutants to cause ALS. Here, we experimentally identify distinguishing attributes of ALS mutant SOD proteins that correlate with clinical severity by applying solution biophysical techniques to six ALS mutants at human SOD hotspot glycine 93. A small-angle X-ray scattering (SAXS) assay and other structural methods assessed aggregation propensity by defining the size and shape of fibrillar SOD aggregates after mild biochemical perturbations. Inductively coupled plasma MS quantified metal ion binding stoichiometry, and pulsed dipolar ESR spectroscopy evaluated the Cu 2+ binding site and defined cross-dimer copper-copper distance distributions. Importantly, we find that copper deficiency in these mutants promotes aggregation in a manner strikingly consistent with their clinical severities. G93 mutants seem to properly incorporate metal ions under physiological conditions when assisted by the copper chaperone but release copper under destabilizing conditions more readily than the WT enzyme. Altered intradimer flexibility in ALS mutants may cause differential metal retention and promote distinct aggregation trends observed for mutant proteins in vitro and in ALS patients. Combined biophysical and structural results test and link copper retention to the framework destabilization hypothesis as a unifying general mechanism for both SOD aggregation and ALS disease progression, with implications for disease severity and therapeutic intervention strategies. Lou Gehrig's disease | small-angle X-ray scattering | protein aggregation | protein conformation | ESR spectroscopy A LS is a lethal degenerative disease of the human motor system (1). Opportunities for improved understanding and clinical intervention arose from the discovery that up to 23.5% of familial ALS cases and 7% of spontaneous cases are caused by mutations in the superoxide dismutase 1 (SOD1) gene encoding human Cu, Zn SOD (2-4). SOD is a highly conserved (5), dimeric, antioxidant metalloenzyme that detoxifies superoxide radicals (6, 7), but overexpression of SOD1 ALS mutants is sufficient to cause disease in mice (8). Misfolded and/or aggregated SOD species are deposited within mouse neuronal and glial inclusions (9, 10), even before symptoms appear (11, 12). Although human familial ALS has a symptomatic phenotype indistinguishable from sporadic cases (13), individual SOD1 mutations can result in highly variable disease progression and penetrance (14, 15).
Protein framework alterations in heritable Cu, Zn superoxide dismutase (SOD) mutants cause misassembly and aggregation in cells affected by the motor neuron disease ALS. However, the mechanistic relationship between superoxide dismutase 1 (SOD1) mutations and human disease is controversial, with many hypotheses postulated for the propensity of specific SOD mutants to cause ALS. Here, we experimentally identify distinguishing attributes of ALS mutant SOD proteins that correlate with clinical severity by applying solution biophysical techniques to six ALS mutants at human SOD hotspot glycine 93. A small-angle X-ray scattering (SAXS) assay and other structural methods assessed aggregation propensity by defining the size and shape of fibrillar SOD aggregates after mild biochemical perturbations. Inductively coupled plasma MS quantified metal ion binding stoichiometry, and pulsed dipolar ESR spectroscopy evaluated the Cu 2+ binding site and defined cross-dimer copper-copper distance distributions. Importantly, we find that copper deficiency in these mutants promotes aggregation in a manner strikingly consistent with their clinical severities. G93 mutants seem to properly incorporate metal ions under physiological conditions when assisted by the copper chaperone but release copper under destabilizing conditions more readily than the WT enzyme. Altered intradimer flexibility in ALS mutants may cause differential metal retention and promote distinct aggregation trends observed for mutant proteins in vitro and in ALS patients. Combined biophysical and structural results test and link copper retention to the framework destabilization hypothesis as a unifying general mechanism for both SOD aggregation and ALS disease progression, with implications for disease severity and therapeutic intervention strategies. Lou Gehrig's disease | small-angle X-ray scattering | protein aggregation | protein conformation | ESR spectroscopy A LS is a lethal degenerative disease of the human motor system (1) . Opportunities for improved understanding and clinical intervention arose from the discovery that up to 23.5% of familial ALS cases and 7% of spontaneous cases are caused by mutations in the superoxide dismutase 1 (SOD1) gene encoding human Cu, Zn SOD (2) (3) (4) . SOD is a highly conserved (5), dimeric, antioxidant metalloenzyme that detoxifies superoxide radicals (6, 7) , but overexpression of SOD1 ALS mutants is sufficient to cause disease in mice (8) . Misfolded and/or aggregated SOD species are deposited within mouse neuronal and glial inclusions (9, 10) , even before symptoms appear (11, 12) . Although human familial ALS has a symptomatic phenotype indistinguishable from sporadic cases (13) , individual SOD1 mutations can result in highly variable disease progression and penetrance (14, 15) .
Many nongeneral mechanisms, including loss of activity or gain of function, were postulated to explain the roles of SOD mutants in ALS (3, (16) (17) (18) (19) . Recently, however, an initial hypothesis proposing that SOD manifests disease symptoms by framework destabilization (protein instability caused by structural defects) and consequent protein misassembly and aggregation has gained renewed support (2, 10, 14, (20) (21) (22) (23) . Ironically, WT SOD is an unusually stable protein (7, (24) (25) (26) , and precisely how SOD mutations cause disease remains unclear. For instance, human SOD free cysteine residues C6 and C111 have been implicated in protein aggregation by promoting cross-linking (27, 28) and/or stability changes associated with oxidative modifications (29) (30) (31) (32) (33) . Mutation of the chemically reactive thiols significantly decreases the irreversible denaturation rate for human and bovine SOD (24, 34) . However, ALS mutants in a C6A/C111S SOD (AS-SOD) background (35, 36) maintain the native C57-C146 disulfide bond but can still undergo aggregation, and mutations of the free cysteines can cause ALS (37, 38) . These results imply that free cysteines are not strictly required but rather, may alter aggregation kinetics (20) . SOD also contains two metal ion cofactors in each subunit: a catalytic copper ion (6) and a structurally stabilizing zinc ion (34, 39, 40) (Fig. 1A) . In higher eukaryotes, a copper chaperone for SOD (CCS) plays an important role in catalyzing both the copper incorporation and native disulfide bond formation (41) . Structural analyses of apo WT SOD point to greater flexibility or increased solvent accessibility of C6 otherwise buried in the stable dimer interface (42, 43) , and molecular dynamics simulations also suggest a critical role for metal ions in protein structure, because SOD's β-sheet propensity decreases in the absence of metals (44) . As a result, apo SOD readily forms protein aggregates (45, 46) , but the molecular structures of SOD aggregates are likely Significance Mutations in human Cu, Zn superoxide dismutase (SOD) cause the motor neuron disease ALS. To better understand why, we compared the aggregation, metal binding, and conformational dynamics of normal and mutant SOD proteins by using the biophysical techniques of X-ray scattering, inductively coupled plasma MS, and ESR spectroscopy. For SOD proteins with defects at a mutational hotspot, we found that copper deficiency, flexibility, and aggregation paralleled clinical severity in ALS patients. These data support a unifying protein framework destabilization mechanism for SOD-linked ALS and thereby point to potential therapies for this lethal condition with few treatment options.
polymorphic and represent a controversial topic (23, (47) (48) (49) (50) (51) . The intertwined effects of the aggregation-enhancing free cysteines, dimer-stabilizing metal ions, and CCS maturation of SOD complicate the study of the ALS-causing SOD mutations themselves, and therefore, a clear cause-and-effect relationship remains obscure and requires deconvolution.
To better understand the structural effects of ALS mutations on SOD architecture, we coupled the wealth of crystallographic knowledge on SOD structure (7, 52, 53) with small-angle X-ray scattering (SAXS) experiments to characterize misassembly aggregates of ALS mutant SODs in solution. Over 20 y ago, we solved the first atomic structure of the human WT SOD protein (Fig. 1A) (20, 34) and proposed the framework destabilization hypothesis to explain how diverse mutations located throughout the 153-residue β-barrel enzyme might produce a similar disease phenotype (2), albeit with distinctions in the progression trajectory. Since that time, a staggering number of ALS mutations has been documented in patients [178 (mostly missense) (54)], with a similar phenotype in dogs (55, 56) . Solution-based techniques are increasingly being applied to connect structure to biological outcome, for instance, through examination of intermolecular interactions within stress-activated pathways, for instance (57, 58) . SAXS, which can probe structures for a wide size range of species, also provides higher resolution insights (59), for instance, over visible light-scattering techniques, readily distinguishing unfolded from folded proteins (60) .
Here, we monitor the initial events of protein aggregation in a subset of ALS mutants localized to a mutational hotspot site at glycine 93. Specifically, we wished to test a possible structural basis for how G93 mutations (to A, C, D, R, S, or V) modulate age of onset and clinical severity in ALS patients (14, 15) . The G93 substitution occurs in a β-bulge region (61) between sequential β-strands of the protein (Fig. 1A) on a protruding loop roughly ∼20 Å from T54, the nearest residue of the opposing subunit, and the metal-containing active site (Fig. S1) . A priori, mutation of this outer loop position would not be expected to interfere with active site chemistry or buried molecular interfaces. However, we discovered correlations of aggregation nucleation kinetics of SOD proteins with ALS mutations at this site, the stabilizing effects of metal ion retention, and available data for clinical phenotypes in patients with the same mutation. Furthermore, by measuring and exploiting the dimer geometry to observe intrinsic SOD conformers, we show that G93 mutant proteins natively reveal increased intradimer conformational flexibility in the absence of aggregation, which may reflect an increased tendency for ALS mutants to become metal-deficient and misfolding-prone and further explain the correlation to disease severity. Collective results on G93 mutants, thus, support and extend the framework destabilization hypothesis.
Results

Characterization of SOD Samples by SAXS Under Physiological
Conditions. SAXS is a technique that can robustly characterize shape, size, and structure of macromolecules in solution, defining their radius of gyration (R g ), maximum dimension (D max ), and estimates of volume and flexibility (60) . We used SAXS to establish a platform for efficiently classifying SOD samples in solution by first focusing on distinguishing WT from G93A mutant SOD. In PBS solution, these proteins are structurally similar, mirroring comparisons of their respective crystallographic structures ( Fig. 1 and Fig. S2 ). Experimental SAXS data for proteins in solution match simulated SAXS profiles for the WT crystallographic dimer structure well, which was indicated by low χ 2 values of 1.1 and 1.2 for WT and G93A, respectively (Fig. S2) . The samples have comparable R g values (20.8 and 20.9 Å for WT and G93A SOD, respectively) and similar maximal dimensions (D max ; 66.5 Å and 69.5 Å for WT and G93A SOD, respectively). Subtle feature differences are noted in the P(r) electron pair distribution functions; however, overall, the real-space distributions are similar, and the crystallographic dimer is readily accommodated within ab initio electron density models calculated from the scattering data in native-like conditions (Fig. 1B) .
SAXS-Based Assay Defines Aggregation Status of ALS Mutant SOD
Proteins. In previous light-scattering and EM studies, we characterized defects in ALS mutant SODs, including the most clinically aggressive mutation A4V, in the AS-SOD background lacking free cysteines (20) by using acidic buffer conditions (pH 3.5), metal chelation (1 mM EDTA), and heat (37°C) to induce formation of aggregated species. To further test and extend these experiments to native free cysteine containing ALS mutant SODs, we used high-throughput SAXS experiments (62) to compare G93A SOD in the true WT background with WT SOD (Fig. S3) . Both WT and G93A SOD readily formed large aggregates after a 2-d incubation period, which was indicated by the turbidity of the solutions formed as well as the steep downward slopes at low scattering angle (q) in the resultant SAXS profiles. However, at shorter incubation times, differences in the extent of aggregation were apparent (Fig. S3 , middle curves), suggesting differential aggregation kinetics. Furthermore, the aggregation propensity of G93A was intermediate between that of two controls, WT and A4V SOD, consistent with the clinical severity of the disease resulting from the two mutations.
To capture SOD species formed during the aggregation process, we conducted similar experiments under milder, more physiological conditions than used previously for mutants in the AS-SOD Overall architecture of the WT SOD dimer is displayed in 90°r otated views. G93 (small red spheres) resides on a surface-exposed interstrand loop between the fifth and sixth sequential β-strands of SOD and is expected to be innocuous in facilitating protein stability; however, this site harbors the most substitutions observed to result in ALS. G93 is also distant from both (Upper) the dimer interface and (Lower Left) the SOD active site (gold and silver spheres), which are generally implicated as the major determinants for SOD stability. Small blue spheres denote free cysteines. (Lower Right) The close-up view of the mutation site (boxed region in Lower Left tilted forward) shows high similarity between WT (purple) and G93A (red) SOD crystal structures [Protein Data Bank ID codes 1PU0 (WT) and 2ZKY (G93A)]. Hydrogen bonds characteristic of a β-bulge motif are indicated, whereby G93 (or A93) represents position 1. The main chain carbonyl group of β-barrel cork residue L38 is adjacent to the G93 site. (B) SAXS-derived electron pair P(r) distributions from WT (purple) and G93A (red) SOD samples in solution are compared with the theoretical curve for 1PU0. P(r) plots are normalized to peak height. Ab initio models of WT SOD derived from P(r) data are depicted in purple, with crystal structure docked into mesh envelope. Contributions to major and minor peaks from subunit and dimer dimensions are indicated.
background (20) . We incubated WT and G93A SOD at neutral pH in PBS containing 10 mM EDTA at 37°C and recorded SAXS observations for time periods ranging from 5 to 30 h (Fig.  2) . From the low q scattering data, we observed substantial differences in the aggregation kinetics for these samples, which were exemplified by decreased linearity in Guinier plots for G93A relative to WT (Figs. 2 and 3 , Top Right). For instance, after 30 h of incubation, the scattering decay is markedly different in the low q region from that of G93A, which is proportional to ∼1/q, and characteristic of rod-like particles as seen for assemblies of XRCC4 with XRCC4-like factor (63) . A modified Guinier plot (of I × q vs. q 2 ) commonly used to estimate R c (the cross-sectional R g of rod-like particles) also clearly exhibits linearity (Fig. 3 , Middle Right) and increased rod length for the mutant, denoted by a downturn at lower q range (64) . Furthermore, a plateau is absent in the Porod plot for G93A, indicating flexibility for the mutant under these conditions (Fig. 3 , Bottom Right). Whereas WT SOD displays an ∼1/q 4 scattering dependency in this region, indicative of a well-folded, compact particle, the Porod exponent of G93A is three, suggesting decreased compaction or increased flexibility (65) . Finally, the distance distribution P(r) plot (Fig. 3 , Left Inset) reveals that EDTA treatment results in a markedly increased length (D max ) for the G93A aggregates. These observations and measurements are mirrored by electron micrographs of G93A SOD aggregates (Fig. S4C ).
In Vitro Aggregation Propensities of G93 ALS Mutant SODs Mirror
Clinical Phenotypes. Having established robust, yet mild, conditions for inducing SOD aggregation, we sought to characterize a larger set of ALS mutants at the G93 hotspot site. We chose the G93 site for four major reasons. (1) Six heritable mutations occur at glycine 93, and each seems to manifest with a distinct clinical phenotype (14, 15) , with G93A (∼2-3 y between diagnosis and death) followed by G93V being the most aggressive, G93S C and D being the least severe, and G93R being more variable. (2) By targeting a single site, we circumvent the need to deconvolute results on the basis of the mutational position and structural context (i.e., rationalizing comparisons of dimer interface, metal binding, and/or surface amino acids). (3) The G93A mutant SOD is one of the most well-characterized and serves as the basis for some of the first ALS disease models. (4) The site is located far away from determinants implicated in SOD stability ( Fig. 1A and Fig. S1 ), making it an ideal candidate to test the framework destabilization hypothesis compared with proteins with mutations at dimer interface or active site locations.
To identify distinctions among the G93 SOD mutant proteins in vitro, we recombinantly prepared all six G93 mutants and WT SOD and introduced them into our EDTA-based aggregation assay. Whereas no major changes in particle size were noted at 5 h of incubation after treatment with 1 or 10 mM EDTA used to initiate aggregation, striking differences in particle size became obvious after 30 h (Fig. 4 and Fig. S5 ). We incorporated a heat map visualization strategy (66) to comprehensively assess differences in the SAXS profiles of these species in a highthroughput manner (Fig. 4C) . Notably, we determined that the aggregation differences seemed to correlate with the clinical severity of the mutations (Fig. 4 and Fig. S5 ). However, increasing size, reflected by increasing R g values, was not proportionally accompanied by a substantial increase in the R c during this time period (Fig. 4B and Fig. S5 ), except very slightly for larger species (note the slight sigmoidal shape in Fig. 4B ), suggesting that all G93 mutants primarily aggregate into rods of increasing length (Figs. S4 and S6). Ab initio SAXS modeling also suggests that linear, rod-like species dominate the scattering signal. For 10 mM EDTA-treated G93A at 30 h, using a 220-Å D max , a snake-shaped body is reconstructed, which is comparable in size with an approximately four-dimer crystallographic SOD assembly with β-strands oriented perpendicular to the long axis, reminiscent of amyloid-like stacking (Fig. 5) . However, aggregation reactions likely proceed by forming consecutive oligomers. Therefore, a plausible pool of species formed in solution was modeled with minimal ensemble analysis using only low-resolution information (to mitigate effects of flexibility and conformational heterogeneity) (67, 68) . These results suggest a mixture of linear species of increasing length ( Fig. S4B) , which mirrors the morphology of the snake-shaped body.
Copper Protects ALS Mutants from Aggregation but Is Differentially
Retained Under Acidic Conditions. To determine factors that contribute to the G93 phenotypes, we tested the impact of metal ion incorporation by analyzing the metal ion content of our samples with inductively coupled plasma MS (ICP-MS). Although all samples seemed to contain 1:1 stoichiometric levels of zinc per protein subunit, the more aggregation-prone samples copurified with lower levels of copper ion (Table S1 ). The copper deficiency paralleled the propensity for mutants to undergo EDTA-induced aggregation, because the size of species formed inversely correlated with the amount of bound copper at a 30-h snapshot (Fig. 6A) .
SOD mutants often copurify with substoichiometric amounts of copper, and therefore, a common preparation strategy relies on metal reconstitution as a final purification step, which was our initial experimental approach. Given the importance of the copper deficiency to aggregation propensity, we wished to suitably distinguish copper incorporation from copper retention. We, therefore, tested whether the inability of the ALS mutants to copurify with sufficient copper was because of their inability to incorporate or retain copper, because experiments have shown that, without proper chaperones, the appropriate metal ions may not always be incorporated into their respective positions (69, 70) .
To test the impact of the chaperone on copper incorporation, we implemented a purification protocol capitalizing on the coexpression of SOD with the yeast CCS homolog (71) . After this procedure, we measured copper content with ICP-MS for three mutants that represent a range of clinical severity and the aggregation kinetics depicted in Fig. 4 (least aggressive: G93R, moderately aggressive: G93D, most aggressive: G93A) prepared in the CCS system. We found improved copper incorporation, comparable with that of WT SOD (∼70-80%), for all these mutant enzymes (Table S1 ). To characterize the structure around the paramagnetic Cu 2+ center, these samples were also analyzed by continuous wave ESR spectroscopy, and no significant differences from the WT were noted among these samples. Together, these results indicate that the G93 mutants are not precluded from incorporating or retaining copper under physiological conditions and have WT-like local copper environments.
In related experiments, we examined the removal of the metal ions from CCS/Cu 2+ -loaded samples using established procedures (72) . We discovered that the amount of residual metal retained by the ALS mutant proteins also seemed to correlate with the clinical severity (Table S1 ). The G93A mutant retained less copper (12.5%) and zinc (28.7%) than the WT enzyme (20.3% copper and 35% zinc). Thus, differences in the ability of ALS mutants to retain metals became apparent during perturbations, such as low pH dialysis to remove or reconstitute metals. Fig. 4 . Aggregate size is proportional to metal removal conditions and clinical ALS duration phenotype for G93 site mutants. (A) Extent of aggregation for G93 mutants treated with 0, 1, or 10 mM EDTA for 30 h is tabulated as real-space radius of gyration, R g , which increases with the disease severity assessed from published patient mutational data, and reciprocal space R g of the cross-section for a rod-like particle, R c , which remains relatively constant initially in the aggregation trajectory. Mutants are grouped and color-coded by associated disease severity in patients. G93D at 10 mM EDTA was not included. (B) The average R g of aggregates formed is plotted against the average R c . Large-, medium-, and small-sized circles, color-coded as in A, indicate 10, 1, and 0 mM EDTA-treated samples, respectively. (C) SAXS profile-derived heat map globally compares 1 or 10 mM EDTA-treated (−1 or −10) samples. Red squares indicate higher overall agreement of SAXS profiles, whereas lighter colors highlight dissimilarities. Fig. 5 . Hypothetical assembly for EDTA-treated G93A aggregates. Ab initio model for a 10 mM EDTA-treated G93A sample derived from the experimental SAXS data (using a D max estimate of 220 Å) suggests that the dominant species are elongated, rod-like particles (red solid) of ∼1-subunit thickness. A hypothetical 8-subunit atomic model derived from the WT SOD crystal structure (Protein Data Bank ID code 1PU0) includes packing elements to emphasize shape and size similarity, and it is shown next to the solid model for ease of comparison.
In our EDTA-induced aggregation assay, CCS/Cu 2+ -loaded samples failed to aggregate initially under mild conditions but exhibited modest mutation-specific aggregation after prolonged incubation (Fig. 6B) . After a 1-wk incubation, the aggregation status of the mutants diverged from the WT sample. However, the size disparity was less drastic than for metal-reconstituted samples (Tables S2 and S3 ), because WT SOD is known to aggregate on prolonged perturbation (20) . Dynamic light scattering (DLS) was also used to measure radii of hydration (R h ) for these samples (Table S2) , revealing one predominant peak (≥99.4% mass) in the 40-to 50-Å size range for the samples and therefore, confirming the SAXS results.
To elucidate additional aspects of dimer flexibility that might explain variability associated with the G93 site, we used fourpulsed double-electron-electron resonance (DEER) experiments exploiting the paramagnetic spin of Cu 2+ to derive Cu 2+ -Cu 2+ distances between adjacent subunits ( Fig. 6C and Fig. S7 ). Initial experiments revealed that the relaxation time of G93A was significantly faster (∼1 μs) than that of WT SOD or G93R mutants (∼2-3 μs), a feature that necessitated deuteration of G93A for reproducible ESR measurements. Nevertheless, the resulting Cu 2+ distance distributions reveal a relatively consistent peak at ∼32-33 Å for all ALS mutants tested, consistent with the ∼32-Å copper-copper separation in crystallographic structures. However, the breadth of the distribution was substantially wider for the mutants (Fig. 6D) , suggesting increased dimer flexibility and/or accessibility of dynamic conformations for these ALS SOD mutants in the absence of aggregation. Discussion SAXS Enables Monitoring of ALS SOD Mutant Aggregation. The relationship of protein aggregation to neurodegenerative disease and the nature of the resulting aggregates are important and controversial issues. Mutant SOD proteins form aggregates within neurons and glia from ALS patients and in disease model mouse tissues, even before disease symptoms strike (10, 12, 73) , but the nature of the aggregates and basis for aggregation propensity are controversial. To characterize SOD aggregation propensity in vitro, we developed an innovative SAXS-based assay and metrics to observe differences between WT SOD and G93 ALS mutants (Figs. 2, 3, 4 , and 5 and Figs. S3 and S5) . Of the many ALS mutants, we selected the G93 hotspot specifically because of its distal location to stabilizing factors (Fig. 1A and Fig. S1 ), the varying clinical severities among mutants, and for simplification of data interpretation. Because SOD resides predominantly in the cytosol, we incubated our samples with low concentrations of reducing agent, which eliminate complications arising from free cysteine modifications, instead of using the AS-SOD background. We also sought to avoid artifacts from harsh, nonphysiological aggregation conditions. Cellular chelators keep cytosolic metal ion concentrations low at attomolar free copper (74) and picomolar free zinc (75) , which mirror the apparent binding affinities of WT SOD for copper and zinc (low attomolar and hundreds of picomolar, respectively) (76) . Therefore, loss of metal ions at low to midmicromolar SOD subunit concentrations (77) would likely be irreversible, and therefore, our in vitro EDTA treatment mimics cellular metal loss. Overall, our measurements of nonaggregated SOD species test and support previous SAXS-based studies describing the overall shape of WT and ALS mutant SODs in physiological conditions (25, 78, 79 ), but we have extended these analyses by additionally monitoring protein aggregation changes in solution. The sizes and shapes of the species observed in our experiments are consistent with soluble, nonnative aggregates recognized by an antibody raised against misfolded ALS SOD (80). SAXS provides a robust experimental basis to assess the assembly of proteins into filaments in solution, which is seen for dsDNA break repair complexes (63) . Evident from the lower and higher resolution features in our SAXS profiles, aggregation results primarily from changes in oligomerization state rather than globally aberrant folding or unfolding.
Framework Destabilization, the G93 Site, and Metal Ion Effects. The importance of the protein framework in controlling cofactor activity is a general question in biochemistry that is often difficult to examine quantitatively. WT SOD is an ultrastable protein that is sometimes purified as active protein with techniques as extreme as boiling and organic extraction (26) , and the extreme specificity of packing and interactions underlying this unusual stability that controls the metal ion cofactor accessibility and activity may make the protein more susceptible to the effects of mutation (26) . Furthermore, the copper ion is mobile for redox cycling during catalysis (25) , and thus, the active site must be finely tuned to discriminate among substrates, intermediates, and products that differ by only a single electron. The G93 site is on the opposite end of the β-barrel from the active site, ∼19 Å from the copper ion, and ∼24 Å from the zinc ion (Fig. S1A) . This mutation site is, therefore, particularly appropriate for testing of the idea that perturbation of the compact SOD framework can impact the metal ion sites, even for distant mutations. Strikingly, we do find that perturbations that decrease framework stability can, under the right circumstances, result in enhanced protein destabilization that accelerates aggregation (Fig. 7) . . Aggregation-protective effects of copper incorporation for G93 mutants and aggregation-independent conformational differences. (A) Extent of aggregation varies for G93 mutant SOD proteins treated with 1 (small circles) or 10 mM (large circles) EDTA for 30 h. Mutants are grouped by resulting clinical severity, which is indicated in Fig. 4 . R g is inversely proportional to copper incorporation, with dashed lines connecting samples treated with a given concentration of EDTA. (B) Power law (log-log) plot, where intensities (arbitrary units) are offset by 1 log for successive time points, reveals effects of cotranslational copper loading on the extent of EDTA-induced protein aggregation. Low q differences are notable for mutant samples prepared and expressed in the absence of CCS after 1 d of EDTA treatment (bottom plots). In contrast, extended incubation is required to induce differential aggregation for CCS-coexpressed SOD proteins, and after 1 wk, WT SOD also undergoes slight aggregation (middle vs. top plots) (Table S2 ). (C) Cu 2+ -Cu 2+ intradimer distances measured by pulsed dipolar ESR spectroscopy are plotted as P(r) distance distributions. Peak breadth widening appears to be associated with aggregation propensity, suggesting intrinsic conformational heterogeneity in these mutants in the absence of aggregation. (D) Quantification of C is tabulated as the peak width at halfmaximal peak height.
The metal ions in SOD form an integral part of its structural framework, with the Cu 2+ ligation linking different structural elements and the Zn 2+ ligation organizing the Zn loop (5, 39, 53). Thus, metal deficiency reduces the stability of SOD (81). Cu-free SOD has a subtly distinct structure (42, 43) , and metaldeficient SOD species also have faster unfolding kinetics than the holoprotein (82) . Consequently, apo SOD is capable of forming aberrant oligomers and aggregates, which are proposed to occur through a monomeric intermediate (45, 83, 84) . Notably, Cu 2+ seems more important than Zn 2+ for kinetically stabilizing SOD (82), and for the bovine homolog, Cu 2+ is also more important in imparting thermodynamic stability (85) . Unfolding of ALS mutants seems distinct from that of WT SOD because of a preferential tendency of mutants to release copper as a first step (86) , and ALS mutants retain less copper than their WT counterpart in cell culture overexpression studies (87) . Furthermore, improved copper loading in ALS model mice has been associated with improved survival and locomotor function (88) . These results highlight the copper site as a central, critical element energetically tied into the overall protein framework (Fig. S1B) .
ALS mutants produced in recombinant expression systems tend to be copper-and sometimes, zinc-deficient, even with supplementation of metals in the growth media (89) . Interestingly, G93 mutants with greater disease severity expressed in our chaperone-free expression system tended to copurify with less copper after dialysis with EDTA at low pH (Table S1 ). Some ALS mutants may have reduced binding affinities for copper and zinc (76) and may not readily remetallate (90) . Nonetheless, we found that any potential reduced binding affinity for the G93 mutants could be overcome by co-overexpression of the yeast CCS. In vivo, endogenous human CCS acts enzymatically and is expressed at levels up to 30-fold lower than SOD in neurons (91), but CCS is found in protein aggregates of ALS patients (92, 93) . The chaperone can also exacerbate disease phenotype in G93A-expressing transgenic mice (94), but variable effects are seen for other mutants (95) . Although it is unclear whether ALS mutations lead to any aberrant CCS chemistry or interactions in vivo, genetic deletion of murine CCS in ALS model mice did not alter disease severity or progression (96) . Importantly, proper incorporation of metals into ALS mutant SODs afforded by the CCS improves stability but does not preclude aggregation under adverse conditions (Fig. 6B) .
Our ESR experiments point to distinctions between ALS mutants and WT SOD in the absence of aggregation. These differences are specific to the oxidized holoprotein and not simply the destabilized, partially metallated forms, because only Cu 2+ -Cu 2+ (and not Cu 1+ -Cu 1+ ) distances are observed in the 10-to 80-Å range. Previous deuterium exchange NMR studies showed that the metal binding region of SOD exhibits increased exchange in the G93A mutant (97) . We noted differences in the overall intersubunit peak breadth for several G93 mutants (Fig. 6  C and D) , and related work has suggested that this feature is common to additional ALS mutants (98) . Conceivably, this flexibility could enable increased conformational sampling, rendering mutant SOD proteins more susceptible to metal loss and aggregation. Therefore, our data and that of others support a model in which destabilization of ALS mutants, such as G93A, results in increased dynamics that can impact metallation and thus, assembly state.
Correlation to Disease. To bridge the enormous gap between protein structural biochemistry and human diseases, it is important to examine well-defined systems, such as a single-mutation site with differential disease outcomes, to identify potentially useful correlations. We found that ALS SOD proteins with mutations at the G93 site aggregated proportionally to both their copper deficiencies and clinical duration severities (15) (Fig. 6A) . Although the small sample size of some genotypes (14) complicates statistical analyses and only one metric is examined here, we found similar results for A4V (Fig. S3) . Correlative studies have been conducted previously. For example, in HEK293FT cells, overexpressed ALS mutants that dictate a rapid disease progression tended toward higher aggregation propensity, but mutants with low aggregation potential were suggested to be unpredictable clinically (99) . However, studies of ALS mutants in the AS-SOD background failed to find correlation to disease severity (100). Others, however, found a correlation between disease duration and protein stability for noncharged apo ALS mutant SODs but noted that hydrogen bonding and electrostatics may be crucial in determining outliers (101). Stathopulos et al. (46) found that apo G93 mutants were less stable than their holo counterparts and supporting our observations, observed that the G93S and G93R mutants were the most WT-like within the set.
Combined with known SOD structural biochemistry, the collective results presented here support and extend the prediction that framework-destabilizing mutations will increase aggregation propensity. Moreover, our results argue that aggregation propensity, in many cases, will be positively correlated with ALS disease severity. The copper site provides framework-stabilizing interactions among the major protein structural elements, connecting the β-barrel to the disulfide loop (that contributes to the dimer interface) and the zinc loop (that stabilizes the subunit) (Fig. S1B) (5, 53) . Therefore, copper ion binding promotes stability, and copper ion loss is strongly destabilizing to the native dimer assembly.
However, copper loss may not be the only result of framework destabilization. Increased conformational flexibility in ALS mutants (such as seen in our ESR experiments) could result in several secondary consequences during conditions of dyshomeostasis (including metal loss), which would, thus, dictate and promote (Fig. 6 ). This feature renders them differentially more prone to consequences from secondary events, such as metal loss (circles) on conditions of stress or dyshomeostasis (such as low pH or EDTA treatment). Over time, this can result in local unfolding or other framework and structural integrity loss features, resulting in aggregation, whereby the most aggressive mutants will display increased aggregation kinetics as exemplified by the SAXS curve schematic. This differential aggregation behavior can, in turn, manifest clinically as variable disease duration. For all of the G93 mutants examined under these conditions, the phenotype is similar, but the time course is variable. SAXS profiles are 1 mM EDTA-treated G93 mutant data from Fig. S5 plotted as a power law (log-log) plot, with y axis intensities (arbitrary units) offset by 1 log for each sample for clarity.
misfolding and aggregation in a mutant-specific fashion, leading to a similar phenotype (aggregation) but with distinct kinetics (Fig. 7) . Our hypothesis, thus, also encompasses aspects of the oxidative damage hypothesis, which purports that reactive oxygen species within highly metabolic neurons put SOD at risk for oxidative damage; it was observed for hydrogen peroxidemediated oxidative damage to active site histidine ligands, leading to copper ion release (102) . Furthermore, slightly destabilized mutant proteins may be more sensitive to the effects of oxidative modification, such as glutathionylation (103), leading to their dissociation and misfolding. The destabilization hypothesis also predicts that loss of Zn (39) and ALS mutations introduced into covalently linked SOD dimers, such as those previously developed to increase serum half-life of SOD (104), would increase disease in animal models of ALS. Placing our biophysical results in the context of SOD structural biochemistry, therefore, provides the basis for a unified mechanistic hypothesis that makes specific testable predictions for disease promotion and intervention.
Summary and Perspectives. Since the framework destabilization hypothesis was proposed (2, 20) , much research has, nevertheless, been aimed at testing correlations between individual or collective ALS SOD mutations and the gain of toxic functions. However, rather than pointing to distinct gain-of-function activities, these results implicate a general loss of structure-based functional stability through direct mutation-induced destabilization of the protein framework and packing or indirect destabilization through loss of copper ions for some active site mutations. Subsequent effects of structural disintegrity point to loss of copper ions, loss of zinc ions, oxidative modifications, destabilization of the dimer interface, and misassembly leading to aggregation/ filamentation. This test and extension of the framework destabilization hypothesis, which specifically links destabilization of the SOD fold and assembly with decreased copper ion binding, may explain why Cu, Zn SOD destabilizing mutants promote ALS, whereas mutations of the tetrameric α-β-fold Mn SOD evidently do not (105) .
With this SAXS-based assay, we were able to characterize the size and shape of ALS mutant SOD protein aggregates and collectively, link metal ion loss, flexibility, destabilization, and aggregation propensity of ALS SOD proteins with disease severity. Although our results do not prove that the pathophysiologies in ALS patients with SOD mutations are directly connected to SOD destabilization and aggregation, the correlations with clinical severity shown here are striking and support SOD protein stabilization strategies as possible disease interventions for at least a subset of patients. These discoveries and insights for a fatal neurodegenerative disease are, furthermore, relevant to elucidating the general structural biochemistry and relevance of metals in the pathophysiology underlying the many neurodegenerative diseases that involve protein aggregation propensities.
Materials and Methods
Plasmid Construction and Protein Preparation. Mutations were introduced into the SOD coding sequence using oligos from Integrated DNA Technologies and the QuikChange II Kit (Agilent). WT human Cu, Zn SOD and its ALS variants were expressed without a chaperone as described previously (20) , with minor changes as described in SI Materials and Methods. The plasmid encoding WT SOD coexpressed with the yeast CCS was a gift from Lena Tibell (Linköping University, Linköping, Sweden), and these samples were prepared as described (71), with minor changes as provided in SI Materials and Methods.
Protein Analysis, Metal Analysis, and Aggregation Conditions. After purification, protein activity was verified by a gel-based assay as described (20, 106) , and metal incorporation was assessed using ICP-MS as described previously (107), with minor modifications. Aggregation was induced by bufferexchanging 2 mg/mL SOD samples into PBS with or without 1 or 10 mM EDTA (pH 8) and incubating samples and buffers for ≥24 h at 37°C. Additional details are provided in SI Materials and Methods.
DLS. Thirty-microliter samples were dispensed into a 384-well, clear-bottom DLS plate and measured using a DynaPro Plate Reader DLS instrument (Wyatt Technologies). Additional details are provided in SI Materials and Methods.
SAXS and Graphical Analyses. SAXS experiments were carried out at the Structurally Integrated Biology for Life Sciences beamline 12.3.1 at the Advanced Light Source (62, 108) . Data were collected on 15-to 20-μL samples at 2 mg/mL in PBS containing 1 mM β-mercaptoethanol or 0.25 mM Tris-(2-carboxyethyl)phosphine (with or without EDTA) at 16°C using a MAR CCD 165 detector. Additional details are provided in SI Materials and Methods.
EM. G93A SOD aggregates were prepared for and imaged using negative stain transmission EM as described in SI Materials and Methods.
DEER. DEER experiments were carried out on a specially designed 2D-Fourier Transform ESR Spectrometer (109) . Additional details are provided in SI Materials and Methods. 4 and ZnSO 4 were substituted for MgCl 2 during osmotic shock, and AmSO 4 -precipitated protein was removed with an additional centrifugation step before sample loading onto a 5-mL Phenyl-Sepharose FF (high substitution) column (GE Healthcare). Protein was dialyzed against 10 mM Tris (pH 7.5), separated on a 5-mL Q HP column (GE Healthcare) instead of a POROS HS ion exchange column, and eluted using a 0-to 250-mM NaCl gradient. Before metal reconstitution, protein samples were subjected to a final purification step in 20 mM Tris (pH 8) and 0.5 M NaCl on a Sephacryl S100 column (GE Healthcare). WT SOD and its ALS variants coexpressed with CCS were prepared as described (1), with minor changes. PMSF and EDTA were omitted from the lysis buffer, EDTA-free Complete (Roche) tablets were used, and the second ammonium sulfate step was omitted. For both methods, 1 mM β-mercaptoethanol (BME) was included in all purification steps, and final protein samples were bufferexchanged into PBS (pH 7.4) before flash cooling and storage at 10 mg/mL at −80°C. Apo-SOD samples were prepared by dialysis as described (2) .
Supporting Information
Protein Analysis, Metal Analysis, and Aggregation Conditions. For initial experiments, 50 mM citric acid-Na 2 HPO 4 (pH 3.5), 150 mM NaCl, and 1 mM EDTA substituted for PBS/EDTA, and reactions proceeded for 0.5-48 h. For experiments <2 d, 1 mM BME was added to the reaction, whereas for extended time courses, pH-neutralized 0.25 mM Tris-(2-carboxyethyl)phosphine was used. Different A 280 extinction coefficient values have been used in the literature to calculate SOD protein concentration [0.32 (3), 0.3375 (4), or 0.3 mL·mg −1 ·cm −1 (5)] based on the absorbance of the bound copper that contributes at 265 nm. The mutants prepared in this study displayed a wide range of metallation, with none at 100% copper incorporation, and therefore, we determined protein concentration using a consistent value of 0.365 mL·mg −1 ·cm −1 based on the protein sequence. Protein samples in PBS with 1 mM BME were diluted to 1.3 mL in 2% (vol/vol) nitric acid, incubated at 37°C with shaking at 250 rpm for 1.5 h, and then centrifuged. Samples and matching buffers were analyzed for copper and zinc content on an octopole-based 7500ce Inductively Coupled Plasma Mass Spectrometer using a MicroMist Nebulizer (Agilent Technologies).
DLS. Ten measurements were recorded for each sample, and the raw data were analyzed by using the Dynamics 7.1.7 software package with a regularization model to derive the radii of hydration.
SAXS and Graphical Analyses. The X-ray wavelength (λ) was 1.03 Å with a sample-to-detector distance of 1.5 m, and the beam size at the sample was 5.0 × 0.5 mm (6). The scattering vector q (q = 4π sin θ/λ, where 2θ is the scattering angle) range was 0.01-0.32 Å −1 . X-ray exposures between 0.5 and 5 s were taken for each sample and matching buffer blank, and the scattering of the buffer was subtracted from that of the protein. Datasets were merged with PRIMUS (7). Comparable profiles were observed for SOD samples from 2.5 to 10 mg/mL under physiological conditions, and samples of 2 mg/mL were used for aggregation experiments. The P(r) function, R g (real-space approximation), and maximum distance D max were calculated with GNOM (8) . Ten independent ab initio modeling jobs for WT SOD were performed using DAMMIN (9) (P2 symmetry) and averaged using DAMAVER (10) . The best and worst models had χ 2 values of 1.65 and 1.73, respectively, and the average normalized spatial discrepancy was 0.65 ± 0.06. For aggregated G93A data, modeling was performed as above but using DAMMIF (11) , and the best and worst χ 2 values were 1.17 and 1.23, respectively, with a model discrepancy of 0.73 ± 0.02. FOXS (12) was used for theoretical profile computation and data fitting. PyMOL (Schrodinger, LLC) and Chimera (13) were used for molecular rendering.
EM. G93A at ∼2 mg/mL was incubated in PBS containing 1 mM BME with 10 mM EDTA for 2.5 d and then diluted 1:100 in water. Three microliters were then placed on a copper-membrane-carbon grid that was plasma cleaned for 10 s using an argon/O 2 mixture. The sample was incubated for 60 s followed by a single slow blot with 2% uranyl formate that left a thin layer of the stain to air dry. Images were collected on a T2 (Tecnai F20 at 200 kV) microscope using a Tietz F416 CMOS camera using a dose of 45 e − /Å 2 .
Pulsed ESR Spectroscopy. SOD samples at ∼100-300 μM subunit concentrations were flash frozen in PBS containing 0.5 mM BME and 30% glycerol and maintained at 10 K during experiments. Observer pulses were made at 17.30 GHz, and the pump pulse was 17.15 GHz. After baseline correction, distances were reconstructed from the raw time domain data (e.g., as for WT in Fig. S7A ) using the Tikhonov regularization (14) followed by the Maximum Entropy Method (15) . Additional methodological details are described elsewhere (16) . The copper site within Cu, Zn SOD is tied energetically into the β-barrel fold. All four copper histidine ligands are linked to key structural elements of the SOD framework. H46 resides adjacent to hydrophobic core residues F45, L117, and I18 (gray mesh). H48 resides near the disulfide formed between C57 and C146 (sea green). H63 forms part of the compact zinc loop (black). H120 links the electrostatic loop (yellow) to internal packing of the β-strands (two flanking strands shown in beige).
Fig. S2
. SAXS profiles calculated for crystallographic WT SOD structure and measured experimentally for WT and G93A solution samples. SAXS intensity in detector units is plotted as a function of the scattering vector q (q = 4π sin θ/λ, where 2θ is the scattering angle), with the y axis plotted as log scale; the fit of the scattering data to the crystal structure (chains A and B) is indicated by χ 2 values. Fig. S3 . Harsh treatment of WT and mutant SOD leads to production of similarly aggregated species. Combined EDTA and low pH conditions promote aggregation species for G93A, WT, and A4V control samples, although differences are noted at 0.5 h of treatment. Data are plotted as a power law (log-log) plot, with intensities (arbitrary units) from successive time points offset by 1 log for clarity. . Metal-chelated mutants containing free cysteines aggregate to varying extents based on EDTA concentration. WT SOD and G93 mutants treated for 30 h with 0 (empty squares), 1 (half-filled squares), or 10 mM (filled squares) were analyzed by SAXS. Data are plotted as a power law (log-log) plot, with intensities (arbitrary units) for each sample offset by 1 log for clarity. Fig. S6 . Aggregation trajectory for WT and G93 mutant SODs. Real-space pairwise electron pair distributions, P(r), for selected G93 mutants representative of varying clinical severity and WT SOD reveal similarities of prenucleation species and larger aggregates. P(r) plots are normalized to peak height for ease of feature comparison. Left reveals data for samples incubated in 0 and 10 mM EDTA for 5 h. Note the subtle but consistent changes in P(r) features around 5, 15, and 35 Å. Right shows data for samples incubated in 0 and 10 mM EDTA for 30 h. Increasing propensity for aggregation of the mutants can be readily visualized by observing the D max [where the P(r) curves intersect the abscissa] as a function of time in stress conditions. Note the similar changes in P(r) features around 45-50 Å with extended growth of all aggregates. Although data were not collected for the WT sample for the 0-mM EDTA 5-h incubation time point, WT SOD remained relatively unchanged after the 30-h incubation, irrespective of EDTA concentration. Similarly, P(r) plots for the WT samples incubated in 10 mM EDTA remained relatively unchanged between the two time points. 
